ABSTRACT Serious games augment utilitarian applications with an entertainment dimension. Hence, information pertaining to a utilitarian objective is seamlessly incorporated into the gaming scenario. In this paper, we present the concept of ubiquitous biofeedback serious games (UBSGs), a family of games that integrate biofeedback processes in their operation. They rely on physiological inputs collected from the player through biological sensors for game control. These physiological inputs are converted into quantifiable parameters that reflect the status of a certain physiological process. To prove the practicality of this concept, we develop a UBSG aimed at providing mental stress management services to players. We assess the ability of the game feedback to assist players in modulating their behavior to reduce their stress levels. In our evaluation, we have shown that the majority of participating subjects showed more control over their mental stress when game feedback was enabled.
I. INTRODUCTION
The traditional view of serious games involves a gaming scenario that, in addition to providing entertainment to players, also exhibits a utilitarian purpose related to education, work training, and operational proficiency, among others. Rice [1] and Corti [2] present typical applications associated with the aforementioned view. The work presented in [3] defines serious games as ''(digital) games used for purposes other than mere entertainment''. In this context, serious games can be employed for a wide variety of applications including military, government, corporate and healthcare [3] .
Biofeedback refers to closed loop systems in which biological signals collected through sensors from the human body are relayed back to users in a format they can understand [4] . These signals can convey a wealth of information on internal physiological functions. When users are aware of these functions, they can voluntarily manipulate them in the goal of achieving a higher level of well-being [6] . Benson et al. [5] for example used an Electroencephalography (EEG) sensor to relay a simple signal to users regarding their level of relaxation. The subject would then attempt to achieve a higher state of relaxation.
In this work, we investigate the use of biological signals to control games. In response, the games behave in a manner reflecting the monitored physiological processes. This response provides the user with information about internal functions of interest and thus completes the compulsory feedback loop of a biofeedback system. We attempt to achieve the same utilitarian goal of biofeedback while appending an entertainment value to the process. We adopt the Ubiquitous Biofeedback (U-Biofeedback) approach [4] to make such games usable in different settings wherever (and whenever) they are needed. The particular biofeedback application presented in this paper focuses on stress management. Accordingly, the following contributions are made in this work:
• We introduce the concept of Ubiquitous Biofeedback Serious Games (UBSGs) as an instance of the U-Biofeedback Reference Model (UBRM) and adapt it to a stress management application;
• We develop a system capable of continuously monitoring mental stress levels by performing Heart Rate Variability measurements while taking into account breathing rate and activity level;
• We propose methods to calculate stress indices and estimate stress accumulation over time. The remainder of this paper is organized as follows: Section II discusses relevant related work, Section III introduces the concept of UBSGs and presents a UBSG for mental stress management, Section IV provides an evaluation of the effectiveness of the proposed UBSG, and Section V concludes this paper. 
II. RELATED WORK A. BIOFEEDBACK SERIOUS GAMES
A typical biofeedback system, as shown in Figure 1 , presents a loop between the body and the brain bridged by a biological sensory module collecting physiological information, a processing module handling the acquired signal, and a feedback module relaying the extracted information to the user.
Few works use biofeedback systems in the context of gaming. Leahy et al. [9] present a biofeedback gaming scenario for teaching relaxation to patients with irritable bowel syndrome. Electrodermal sensors are used to monitor changes in mental stress. The electrodermal signal is used as input to a game where progress is expressed in terms of the stress level reduction. The feedback is presented in the form of animation rendered on the game interface. Bersak et al. [10] introduce the concept of ''affective feedback'' where a computer process becomes an intelligent participant in the biofeedback loop. Therefore, a two-way relationship is created between the player and the game. A change in the physiological state of the user affects the state of the application and vice versa. To prove their concept, the authors introduced a racing game controlled by a biological signal collected from the players. The amount of relaxation is taken as a measure of success. Therefore, the player that relaxes the most wins the game. Jercic et al. [41] present a game that motivates players to regulate their emotions while solving financial problems. The game tracks the heart rate of players to gauge their emotional status. [38] and [39] are examples of commercially available games that use biofeedback techniques for stress reduction.
Abstractly, biofeedback is targeted towards increasing the level of well-being for individuals [4] . Some games include a biofeedback component but deviate from the aforementioned goal. They are aimed at augmenting the gaming experience through the use of biological signals. Consequently, they replace or enrich the traditional controllers with physiological input collected by biological sensors rather than concentrate on therapeutic objectives. [11] , [12] , and [40] are examples of such games.
UBSGs, a family of serious games that make use of biofeedback to provide users with a utilitarian value (in addition to entertainment), differ from [11] , [12] , and [40] which use physiological signals to improve the quality of the game rather than aim to increase the level of well-being for players.
B. UBIQUITOUS BIOFEEDBACK
As opposed to the model shown in Figure 1 , Al Osman et al. [4] propose a UBRM for biofeedback systems aimed at continuous monitoring of physiological signals (Figure 2 ).
FIGURE 2.
U-biofeedback reference model [4] .
While biofeedback exercises can take place in a clinic, various new systems have been enabling such exercises from non-clinical settings. These systems are therefore aimed at achieving biofeedback location ubiquity [35] - [37] . In addition to location ubiquity, U-Biofeedback based systems also aim at achieving time ubiquity with continuous monitoring of physiological data. In other words, biological monitoring activities are not session (or time) bound. The users go about their day while the system is operating in the background. The biofeedback system becomes visible to the user in one of two situations:
1. the user prompts the system for her/his physiological or psychological status, or 2. the system informs the user of a key physiological or psychological event and offers guidance in response (if needed) To achieve location and time ubiquity, an assistive process composed of an Ambient Multimedia Response and History Monitoring modules is appended to the classical biofeedback model. It is ''during this process, the user is assisted in modulating her/his internal processes to achieve a higher level of well-being'' [4] . The Ambient Multimedia Response module provides assistance to the user in exerting control over her/his physiological or psychological parameters. The History Monitoring module is responsible for storing the user's collected physiological and psychological parameters for later review and for displaying any possible short term or long term trends observed in the collected data.
As opposed to [9] , [10] , [38] , and [39] , UBSG applications monitor users continuously as they go about their day. For a stress management UBSG, continuous monitoring can reveal crucial information about stress build up over time and help intercept stressful episodes when they are most likely to occur. VOLUME 4, 2016
III. UBIQUITOUS BIOFEEDBACK SERIOUS GAME FOR STRESS MANAGEMENT A. UBIQUITOUS BIOFEEDBACK SERIOUS GAMES
A serious game is an application that extends two complementing scenarios: a utilitarian and a gaming scenario [13] . Both scenarios must coherently converge into an engaging application that provides entertaining and utilitarian value. Therefore, we formalize the concept of UBSGs. This notion is a specialization of the aforementioned definition of serious games in that the utilitarian scenario is a biofeedback one.
We define a UBSG as a game that takes as input one or more biological signals, analyzes them, and produces relevant feedback within the game's scope. In fact, the game serves as a medium to present the results of the signals' analysis. This result should directly affect the game's progress or outcome. Also, there should be a clear mapping between the monitored physiological process and the presented results depicted by the game. Such presentation completes the essential feedback loop required in a biofeedback system. Moreover, the UBSG must implement the various components of the UBRM to supplement the biofeedback experience with an assistive process and continuous monitoring.
B. BOTANICAL NERVES'' GAME DESCRIPTION
We have developed and evaluated a mobile phone stress management game we call ''Botanical Nerves'' and introduced a method to track mental stress using Heart Rate Variability analysis (HRV). Abstractly, mental stress is an instinctive response to an environmental threat or psychological distress that triggers chemical and hormonal reactions in the body [14] , [15] . Figure 3 shows a graphical representation of the UBSG system. A wearable Electrocardiography (ECG), 3D accelerometer, and respiration sensory module collects HRV, breathing rate and activity information and communicates it to a designated portable handheld computer. The latter is responsible for analyzing the signal for stress cues and executing the game.
The only game character is a tree. The tree graphically represents the status of the Autonomous Nervous System (ANS) of the player. Therefore, whenever the player is experiencing stress, the health of the tree deteriorates which is reflected through an animation of the tree leaves yellowing and eventually falling. When the player relaxes, more leaves grow, the existing ones become greener, and the tree starts to flower. The same information is conveyed through a tree health indicator. A game score is displayed on the main game screen. The score indicates the improvements of the health of the tree over time as a summary of the overall performance. Also, it allows for the comparison between various gaming sessions. Figure 4 shows screen captures of the game as the level of stress of the player increases and decreases. The game runs in two modes: limited time and indefinite. In the limited time mode, the player sets the period of monitoring. In the indefinite mode, the monitoring goes on indefinitely as long as the game is running.
The game is implemented in Java and runs on the Android 4.3 platform. The standard Android API is used to render the 2D animation onto an Android Canvas. The biological sensor used to collect physiological information is Bioharness from Zephyr [18] . A Bluetooth connection is established between the sensor and the mobile phone to enable wireless communication. We used the Java library developed by Zephyr to interact with the sensor.
C. STRESS MONITORING
HRV refers to the fluctuations in time intervals between successive heart beats [4] . HRV measures can assess the general health of the heart [17] as well as reflect the ANS status [4] . We focus on the latter property.
The ANS can be partitioned into two branches: the sympathetic nervous system and the parasympathetic nervous system. The first excites the heart (among other autonomously controlled organs) and the latter inhibits it. Therefore, by monitoring distinct variations in the heart beat behavior, we can infer what component of the ANS is more activated.
With mental stress, the sympathetic branch of the ANS is activated, to excite internal organs to deal with a potentially threatening experience, the fight or flight response.
Conversely, during states of relaxation, the parasympathetic nervous branch is triggered. By monitoring the balance between the sympathetic and parasympathetic branches of the nervous system, we can infer appropriate conclusions regarding the mental stress level experienced by an individual.
HRV signals can be obtained from an ECG record. We are interested in the most prominent feature on the ECG signal, the R peak, which coincides with the depolarization of the heart ventricles. The time interval between two R peaks reflects the period between two heart beats, the RR interval. The series of all the RR intervals forms a particular signal expressed in time versus time. When the latter signal is re-sampled at periodic intervals, we obtain an HRV signal.
Assessing mental stress using HRV is mostly done in the frequency domain. Of particular interest are the following frequency bands (or parameters) [28] :
• Low Frequency (LF): 0.04 to 0.15 Hz • High Frequency (HF): 0.15 to 0.4 Hz HF (which reflects the activation of the parasympathetic nervous system) drops, and the ratio of LF/HF (which reflects the balance between the sympathetic and parasympathetic branches) increases during mental stress situations [26] , [27] , [29] . We exploit these properties to monitor the mental stress of players.
D. UBRM COMPONENTS
The following sections describe the various modules of the UBSG. These modules are consistent with the UBRM. Excluding the Sensor Module, all other modules characterized below are software components of the gaming application running on the Android device.
1) SENSOR MODULE
We used Zephyr Bioharness [18] to extract the relevant biological signals and prepare them for processing. Two biological signals are collected: ECG and Respiration. Also, the sensor's onboard 3D accelerometer is used to estimate the activity level. The ECG signal summarizes the electrical activity of the heart; the respiration signal indicates the breathing frequency. Both of these signals are expressed with respect to time. Zephyr Bioharness also produces a Vector Magnitude Unit (VMU) value from the acceleration information and is used to estimate the activity level [20] , [21] , [22] . ECG is collected using a 1-lead configuration with two electrodes attached to the chest using a chest strap. The signal is sampled at 1 kHz [19] , which is above the 250 Hz minimum sampling rate required for HRV analysis [30] . The respiration signal is collected by measuring the size differential of the thoracic cavity to deduce inhaling and exhaling activities [19] . The respiration signal is sampled at 25 Hz and is considered accurate only under sedentary conditions [19] . The accelerometer is sampled at 100 Hz, but an average VMU level is produced at a rate of 1Hz [19] .
2) SIGNAL PROCESSOR MODULE
The Signal Processor is responsible for sampling, conditioning, filtering, and extracting relevant information from a raw biological signal coming directly from a Sensor module. The module takes three inputs: ECG, respiration and VMU. It also produces three outputs: LF, HF and the Integrated VMU (IVMU) (see Figure 5 ). We are interested in calculating frequency domain parameters from the HRV signal. Therefore, we need to estimate its Power Spectral Density (PSD). This is described below:
1. Detect R peaks in the ECG record and calculate a series of RR intervals 2. Resample the RR time series at constant intervals in order to obtain an HRV signal 3. Correct any possible artifacts from the HRV signal (most commonly caused by ectopic or premature heart beats) using the techniques presented in [23] 4. Estimate the Power Spectral Density (PSD) of the corrected HRV signal The Zephyr Bioharness has a built in R peak detection algorithm, and therefore, the sensor supplies a series of timestamps corresponding to R peaks. We resampled the RR interval time series at 4Hz before correcting for any possible artifacts using the methods in [23] . In order to estimate the PSD, we used Welch's method, which is an improvement over the raw Fourier transform technique as it reduces noise and variance in the estimated spectrum [31] . Nonetheless, it tends to reduce the frequency resolution. The method involves the segmentation of the time domain signal into overlapping windows (or segments) and calculating their averaged periodigrams. We applied a hamming window to every segment (in order to minimize signal side lobe) and used a window size of 256 samples with 50% overlap between windows.
As HRV is significantly affected by the modulation in the respiration rate [24] , [25] , it is crucial to take it into account in an HRV analysis. Therefore, the respiration signal is processed through the following steps:
1. Apply a low pass filter to the respiration rate signal to remove any inconsistent measurements and smooth out the signal 2. Estimate the Fundamental Respiration Frequency (FRF) using the method in [24] 3. Using the FRF and the HRV PSD signal, extract the adjusted HF and LF parameters, HFa and LFa, using the method in [24] . A basic activity monitoring mechanism is required to ensure that mental stress is not measured during periods of strenuous activity. This is motivated by two reasons: 1) The accuracy of the Zephyr Bioharness sensor drops during increased activity, especially for respiration rate measurements [19] and 2) the sympathetic nervous system is excited during increased activity [34] . This is not due to an increase in the level of stress, but rather caused by the need for the heart, among other body organs, to be excited to support the increased movement. Therefore, such phenomenon might incorrectly be interpreted as a stressful event.
Therefore, the VMU signal inputted into the Signal Processor Module is processed through the following steps:
1. Apply a low pass filter to the VMU signal to remove any inconsistent measurements and smooth out the signal 2. Integrate the signal to obtain a single Integrated VMU (IVMU) value for the whole measurement period. Two commonly accepted durations of HRV measurements exist: long term (24 hours) and short term (3 to 5 minutes). We conduct our analysis on 3 minute segments of HRV data. The 3 minutes periods are overlapped using a sliding window to produce the frequency domain output every 30 seconds after the initial 3 minutes period.
3) SIGNAL ANALYSER MODULE
Prolonged exposure to stressful situations has been shown to be detrimental to health [42] . Therefore, we model the evolution of stress level over time as a stochastic process or an indeterminate phenomenon. We collect a benchmark value for each parameter and compare subsequent ones to it. Once the benchmarks are established, stress monitoring activities can begin. In order to obtain these values, measurements can be performed over any period of time (minimum one hour for long term monitoring) presuming that the stress level remains somewhat stable for the entire data collection period. Given two states, one of ''no stress'' and the other of ''extreme stress'', benchmark measurements should be performed during ''low to moderate stress'' status, which falls somewhat between the ''no stress'' state and the midway point between the two extremes. During the measurement of the benchmark, a user should engage in mundane tasks that require low to moderate amounts of concentration and are unlikely to significantly increase mental stress. We assume that these measurements, given that they are collected during almost the same stress status, follow a normal distribution, with the median being the benchmark value for each parameter (namely of HFa, LFa/HFa and IVMU). These benchmark values are referred to as µ HFa , µ LFa/HFa , and µ IVMU . Also, the standard deviations of the benchmark measurements for the three parameters are referred to as σ HFa , σ LFa/HFa and σ IVMU . Therefore, an index for every subsequent measurement of HFa and LFa/HFa is calculated using Equations (1) and (2) .
Where n refers to the measurement number (with n=0 for the first measurement after the benchmark collection is completed). Hence, HFa (4) is used to compute the Stress Accumulation (SA) over time.
Where SA[n] refers to the stress accumulation calculated after HRV measurement n and (f * g)[n] is the convolution of f[n] with a kernel function g [n] . The kernel dictates how the stress accumulation is modeled. The kernel function is applied in Equation (4) to give every value of f[n] a relative weight in the calculation of the stress accumulation. The integral of the kernel function must be equal to 1 to avoid introducing a gain to the accumulation calculation. The most basic kernel function is presented in Equation (5) where N is the length of f[n]. This kernel function permits all the values of f[n] to be averaged in order to produce a stress accumulation that equally takes all the f[n] samples into account. In other words, it calculates the average of f[n] to produce a stress accumulation value. As we collect more measurements and the size of f[n] increases, the effect of the latest measurement on the overall stress accumulation (SA[n]) decreases.
When it comes to experiencing mental stress, we likely attribute more significance to recent experiences. Therefore, we use alternative kernel functions that place more weight on recent measurements and gradually less weight on previous ones. Two proposed kernel functions are presented ( Figure 6 ) where k refers to the size of the kernel (i.e. how many past samples are used in calculating SA[n]). Equation (6) provides a linear kernel that when applied to Equation (4) gives more weight to the latest measurements of f[n] and linearly less weight to older ones. Equation (7) presents an exponentially decreasing kernel that when applied to Equation (4) places more weight on the latest measurements of f[n] and exponentially less weight on older ones. Therefore, more emphasis is placed on the latest measurements in the kernel of Equation (7) compared to that of Equation (6) within the window of the last k measurements. Both kernels have an integral equal to 1. Also, both of them take into account only the k latest measurements. These presented simple models roughly mimic the general mechanism of stress accumulation and dissipation.
The SA[n] values computed using Equation (4) are only considered valid for a certain level of activity. Consequently, they are preserved or discarded according to the conditions in Table 1 . Note that α is a decimal number greater than 1.0 and can be set by the operator, σ IVMU and µ IVMU were previously respectively defined as the standard deviation and median of the IVMU values collected during the benchmark collection phase. We set α to 2.0.
4) FEEDBACK MODULE
The system provides two forms of feedback: graphical and numerical. In ''Botanical Nerves'', stress accumulation is mapped to the health of the tree, which metaphorically represents the well-being of the player. When mapping the stress accumulation to the health of the tree, we need to balance two requirements:
1. The player should be able to observe the effects of her/his relaxation on the health of the tree. This will increase the level of engagement in the game and provide for a meaningful biofeedback experience. 2. The health of the tree shall not only depend on the instantaneous physiological information of the user, but also reflect stress accumulation. This is especially necessary to encourage players to remain relaxed for long periods of time in order to succeed in the game and engender stress management and emotional control throughout the period of play. To balance these two requirements, for the immediate feedback, we use the kernel of Equation (7) for the stress accumulation calculation (using Equation 4). This kernel function places more emphasis on the latest measurements and therefore allows the player to observe relatively quickly the effects of relaxation on the game. The size of the kernel should be relative to the game play period. For prolonged monitoring, we set the kernel size to 120 and consequently, the stress accumulation value calculated in Equation (4) reflects the last hour of monitoring (given that a measurement is made every 30 seconds).
The graphical feedback is tied to the health of the tree that represents the status of the ANS. The health is calculated using Equation (8) and then capped between 0 and β using Equation (9) where an hc[n] value of 0 represents the worst tree health possible (all the leaves have fallen) and hc[n] value of β represents the best possible tree health. Initially, at the beginning of the game, the health of the tree is set to β/2. In Equation (8) , the value of δ amplifies deviations of the measured HRV parameters from their respective benchmarks. Therefore, the larger the value of δ, the more sensitive is the health of the tree to changes in the values of SA[n]. In the game's setting menu, this variable is described as the sensitivity variable and can be set between 1 and 50. In the help text, the following is stated about the sensitivity variable: ''This variable controls how sensitive the health of the tree is to changes in the mental stress level. Therefore, this variable establishes the relationship between the quantity of changes in the mental stress level and that of the health of the tree. A large value for the sensitivity variable will result in large changes in the health of the tree for the slightest changes in mental stress level and vice versa.'' In our evaluation, we have set δ to 13 as it resulted in a good sensitivity level with regards to physiological fluctuations.
The numerical feedback represents the score that the player has achieved. This is calculated using Equation (10) and represents the accumulation of tree health improvements throughout the period of play.
The tree health feedback reflects the stress accumulation over a period of time. We also would like to monitor acute stress manifestation. Rather than looking at accumulative effects, we monitor abrupt jumps in stress levels. It would be ideal if we can interrupt such episodes whenever they are detected. We use the algorithm presented in [4] to identify such phenomena.
In the game, the value of β (in Equations (8), (9) and (10)) was set to 100. Consequently, the health of the tree can range from 0 to 100.
5) AMBIENT MULTIMEDIA RESPONSE MODULE
Whenever an acute stress event is detected (using the algorithm in [4] ), the user is immediately warned of the situation (through the standard Android notification mechanism) and given the option of starting a relaxation process. If the user accepts to engage in the process, a guided meditation or breathing exercise instructional video runs on the mobile phone and thus assists the player to achieve relaxation. Note that these notifications can be disabled by the user if she/he deems them to be unnecessary.
6) HISTORY MONITORING MODULE
Long term trends are important for biofeedback exercises, where a player can identify potentially positive or negative trends in the data accumulated over time and across many sessions of monitoring. In fact, for a player, all physiological information (HFa, LFa/HFa and IVMU) gathered during game play are stored in the database for later review. Most importantly, the user can analyze the stress accumulation over time. Nonetheless, since the focus in this case is on long term trends, the stress accumulation calculation (using Equation 4) employs the kernel function presented in Equation (6) with a size that can be adjusted by the operator (default size of 2280 to reflect 24 hours of monitoring). Using this kernel function to calculate stress accumulation, the weight for each stress index is gradually and linearly decreased depending on how old the measurement is. This produces slow changing stress accumulation values that reflect trends as opposed to immediate changes. In contrast, the kernel of Equation (7) accords most of the weight to the very latest measurements to reflect instantaneous changes in stress accumulation.
IV. EVALUATION
We summarize the evaluation's objectives as follows:
1. Verify whether the score and tree health correspond to the experienced level of stress by individuals, and 2. Evaluate whether the proposed UBSG can assist users reduce their mental stress. We devised two experiments for this purpose. Both experiments were approved by our institution's Office of Research Ethics and Integrity. All subjects that participated in the experiments signed an informed consent form.
A. SHORT TERM EXPERIMENT 1) HYPOTHESIS
The game score and tree health are based on HRV parameters that have been demonstrated to reflect mental stress [26] - [29] , hence we hypothesize that the game score and tree health are reflective of the level of relaxation or stress experienced by a player. The tree health and score increase as the subject becomes more relaxed and the tree health decrease and score cease to increase when the subject becomes more stressed.
2) PARTICIPANTS
Six females and nine males between the ages of 22 and 61 (33.47 ± 12.49) years old took part in the experiment. None of the subjects had a known history of heart disease or were experiencing mental health challenges. None of them were taking anti-anxiety or anti-depression medication.
3) APPARATUS
The developed UBSG system was used to record the physiological information of the player, game score and tree health.
4) INDEPENDENT VARIABLE AND DEPENDENT MEASURES
The experiment was conducted in three distinct phases: Benchmark, Stress and Relaxation. There was a single withinsubjects independent variable: Phase of the Experiment. The independent variable was attributed two levels, Stress Phase and Relaxation Phase. The Benchmark measurements were used to calculate the tree health and score for the Relaxation and Stress phases and therefore were not used in the analysis (as explained in Section III.D.3). Two UBSG dependent measures were calculated: average tree health (hc) and maximum score reached (max(s[n])) during a phase. Also, two additional HRV dependent measures were computed: the average HFa and average LFa/HFa during a phase. These variable were labeled as HFa and LFa/HFa respectively.
5) PROCEDURE
Throughout the experiment, subjects were seated in a typical, ergonomically sound, office chair in front of a computer. The experiment was divided into three phases: Benchmark, Relaxation, and Stress. Each phase lasted 9 minutes. Six minutes of rest separated the phases. The experiment started with the Benchmark phase, while the Relaxation and Stress phases were counterbalanced across subjects. A description of these phases is provided in the next three sections. Each subject performed the experiment once. Each exercise performed during a phase ran for the entire phase.
Benchmark: First, the subject was asked to assess her/his level of mental stress using the Visual Analogue Scale (VAS) of perceived stress [33] . VAS is a psychometric response scale which is used to subjectively assess the experience of a subject by specifying her/his level of agreement with a statement on a scale between two endpoints. The scale was printed on a paper as a 100 mm unmarked ruler and was accompanied with the following instruction: ''Indicate how stressed you feel on the small ruler''. All subjects reported a level of stress below 20 on the VAS before the start of the experiment. Second, the subject was asked to perform a low to moderate stress inducing task. Hence, the subject was asked to relax her/his muscles and clear her/his thoughts as much as possible. The task consisted of a 9 minutes typing exercise driven by a computer program that displays 6 randomly generated digits. The user has to type these digits within a time period of 4 seconds (2/3 of a second per digit) before another set of digits is displayed. The exercise simulates ''slightly'' stressful work with minimal cognitive requirements. Finsen et al. [32] used a similar experiment to simulate computer work. All subjects reported a level of stress below 50 on the VAS at the end of this phase.
Relaxation: The subject engaged in a guided imagery and breathing exercise by following instructions from a video. The instructions directed the subject on how to breathe, which scenes to imagine, and which thoughts to invoke in order to achieve relaxation.
Stress: The subject was given a timed mental arithmetic task driven by a computer program. The task consisted of answering consecutive multiplication questions involving numbers between 0 and 12 within a time limit. The initial Time Per Question (TPQ) is 2 seconds, adapted depending on the performance of the user. The adaptation mechanism increased the TPQ by 0.1 seconds per mistake up to a maximum of 4 seconds. It also decreased the TPQ by 0.1 seconds after 2 consecutive correct answers down to a minimum of 2 seconds. This is designed to ensure that less skilled subjects remain engaged by the task. After every 10 consecutive questions, the game is paused for 2 seconds and the score was shown on the screen as the number of correct answers out of the total. To contribute to the stress, the subject was lead to believe that in addition to stress monitoring, through the arithmetic exercises, her/his cognitive abilities were being tested and compared to those of her/his peers.
6) EXPERIMENTAL DESIGN AND DATA ANALYSIS
The experiment employed a repeated measures design with 15 participants. An experimental session consisted of the three phases previously described. The effect of within-subject factors was assessed using repeated measures MANOVA with Wilks' lambda. If the effect was found to be significant in MANOVA, we further evaluated difference between phases for each dependent variable using a univariate repeated measures analysis.
7) RESULTS
This section presents results for which the significance levels were set at α = 0.05. To meet the assumption of normality in the multivariate and univariate repeated measures analysis, we performed a square root transformation on the following dependent variables: HFa, (LFa/HFa) and max(s [n]). We evaluated the normality of the transformed variables by examining the skewness and kurtosis and applying the Kolmogorov-Smirnov [43] and Shapiro-Wilk [44] tests. The repeated measures MANOVA results for differences between both phases across all dependent variables was found to be statistically significant (F(4, 11) = 4.18, p = 0.027). The repeated measures univariate analysis showed a statistically significant difference between hc (F(1, 14) = 18.41, p = 0.001), max(s[n]) (F(1, 14) = 21.14, p < 0.001), HFa (F(1, 14) = 7.91, p = 0.014) and LFa/HFa (F(1, 14) = 9.81, p = 0.007) for both phases (Relaxation and Stress). Table 2 shows the values of hc, max(s[n]), HFa and LFa/HFa obtained for all subjects during the Relaxation and Stress phases. On average, the HFa decreases and (LFa/HFa) increases during Stress compared to Relaxation. Importantly, both hc and max(s [n]) decreased during Stress compared to Relaxation. This means that the health of the tree and score (in the game) increase during Relaxation compared to Stress. This validates our stated hypothesis.
B. EXTENDED EXPERIMENT 1) HYPOTHESIS
We asked players to use the application for five days while biofeedback was turned on and for another five days while it was turned off. We hypothesize that the players will experience a reduction in mental stress, as recorded by the UBSG, when the game's biofeedback is turned on (compared to when it is off). The metrics that were monitored during the experiment are the tree health and score, which we have established in the Short Term Experiment to reflect the relaxation or stress status of a subject.
2) PARTICIPANTS
Twelve of the fifteen consenting adults that participated in the Short Term Experiment between the ages of 22 and 61 (33.92 ± 13.00) years old took part in the experiment, 5 females and 7 males. All subjects have office jobs that require minimal movement during the day. All measurements were made during working hours. 
3) APPARATUS
4) INDEPENDENT AND DEPENDENT VARIABLES
The experiment was conducted in three distinct phases: Benchmark, Work without Biofeedback and Work with Biofeedback. There was a single within-subjects independent variable: Phase of the Experiment. The independent variable was attributed two levels, Work without Biofeedback and Work with Biofeedback. Two dependent variables were calculated: average tree health (hc) and maximum score reached (max(s[n])).
5) PROCEDURE
The experiments were conducted from the workplace of the subjects. All of them performed the three phases: Benchmark, Work without Biofeedback, and Work with Biofeedback. The details of these phases are given in the next three sections. The experiment started with the Benchmark phase, while the Work without Biofeedback and Work with Biofeedback phases were counterbalanced across subjects. Each subject performed the experiment once.
Benchmark: The benchmark was collected so that it can consequently be used to later assess the stress level of the subject. The perceived stress was measured using the VAS every 20 minutes and the session was considered valid only if the perceived stress remained between 0 and 50 on our scale throughout the collection period. The duration of this phase was set to 60 minutes.
Work Without Biofeedback: The subject was asked to use the system 80 minutes every day (40 minutes when the subject first comes to work and 40 minutes after lunch) for a working week. Nonetheless, the user interface of the UBSG was hidden and thus breaking the feedback loop necessary for biofeedback applications. However, we still collected the tree health and score without disclosing them to the subject. The total duration of this phase was set at 400 minutes.
Work With Biofeedback: During this phase, the subject was asked to use the system 80 minutes every day (40 minutes when the subject first comes in to work and 40 minutes after lunch) for a working week. This time, we introduced the subjects to the UBSG and told them that the goal of the game is to maximize their score and thus keep the tree as healthy as possible. They were told that if they are interested in increasing their score, they can engage in guided meditation or breathing exercises (instructional videos were included on the mobile phone for these exercises). We also explained that in case of the detection of an acute stress situation, a warning message will ask them if they would like to engage in a relaxation exercise. We informed them that engaging in such exercises not only helps them improve their score, but also reduces their stress level to achieve a higher level of wellbeing. The total duration of this phase was set at 400 minutes.
The subjects filled a questionnaire designed to capture their thoughts regarding the evaluated system after the experiment. The details of the questionnaire are provided in Section IV.B.7.
6) EXPERIMENTAL DESIGN AND DATA ANALYSIS
The experiment employed a repeated measures design with 12 participants. An experimental session consisted of the three phases previously described, Benchmark, Work without Biofeedback and Work with Biofeedback. Every subject participated in a single session. The effect of within-subject factors were assessed using repeated measures MANOVA with Wilks' lambda. Furthermore, if the effect was found to be significant in MANOVA, we further evaluated difference between phases for each dependent variable using a univariate repeated measures analysis. Table 3 summarizes the game parameters collected during the experiment where hc is the average tree health throughout the experiment for a subject and max(s[n]) is the maximum score reached at the end of the experiment by a subject. For all results, the level of significance was set at α = 0.01. The repeated measures MANOVA results for differences between both phases across all dependent variables was found to be statistically significant (F (2, 10) = 16.46, p < 0.001). Furthermore, the repeated measures univariate analysis showed a statistically significant difference for hc (F(1, 11) = 31.32, p = 0.001) and max(s[n]) (F(1, 11) = 24.03, p < 0.001) between phases. In the case where the biofeedback component was enabled, all players, except for one (Subject 5), were able to achieve improvements in terms of the average tree health attained (compared to the case where biofeedback was disabled). On average, for all users, the hc parameter increased by 10.65% when biofeedback was enabled. Note that we have demonstrated in the Short Term Experiment that the tree health measurement decreases as the level of mental stress experienced by a player increases. Table 4 and Figure 7 present the questions and summarize the results of the post experiment questionnaire. Question 2 shows that the subjects were generally satisfied with the evaluated UBSG as a stress management tool. In particular, Subjects 1, 4, 7, 8, and 12 were the most satisfied with the UBSG and that was well reflected in the stress indicators (hc and max(s[n]) that were measured by the UBSG. According to Question 1, subjects 2, 4, 7, and 12 found mental stress to be the most problematic and disruptive to their daily life. This might explain subjects 4, 7, and 12's high satisfaction with the UBSG. Furthermore, this might have encouraged them to commit to the biofeedback process. Subject 5 found mental stress to be less problematic and disruptive to her/his daily life than most others (except for subjects 1 and 3). Furthermore, subject 5 found the BioHarness device the most uncomfortable to wear among the subjects (Question 4). This might explain subject 5's lack of increase for parameter hc when Biofeedback was applied.
7) RESULTS
Through verbal discussions (not recorded in the questionnaire), subjects 1, 3, 5, and 8 have expressed losing some interest in the game towards the end of the experiment. They reported that they were checking the tree health less often, around 5 to 15 times a day, compared to 15 to 25 times a day at the beginning of the experiment. It is worth noting that subjects 1, 3, and 5 are among the least affected by mental stress in their daily lives according to Question 1. More research is needed in order to determine how the interest of users of such serious games can be sustained over prolonged periods of time.
8) LIMITATIONS
The present study has some limitations we detail below:
• Subjects were not monitored in a laboratory setting during the Work without Biofeedback and Work with Biofeedback phases. As in similar studies, there is a threat of non-adherence to protocol. We had no means to fully verify whether the subjects followed all the instructions they received. However, we attempted to minimize the impact of this limitation by remaining in contact with the subjects throughout the experiment. We probed the subjects daily on whether the system was functioning correctly and whether they had any questions about the experiment.
• The sample size was relatively small. However, it is in line with similar studies where HRV was used as a stress indicator [26] , [28] . The sample size was large enough for the experiment to yield statistically significant results.
• The age range of the subjects (22 to 61 years) does not address all age groups. In particular, individuals older than 65 years are historically late adopters of technology [45] . Hence, this might impact their willingness to engage with the proposed system. Further studies are required to assess the latter issue.
• Persuasive technologies for physical activity encouragement have had a mixed level of success in longterm trials [46] . The proposed system is different than the latter applications, as it focuses on stress management. However, both types of systems share the goal of persuading users to adopt a healthier lifestyle. The experiment conducted in this study is focused on short term effects. Further research is needed to investigate the long-term users' interest and adoption of the proposed system, especially that some of our experiment's subjects expressed losing interest in the game towards the end.
V. CONCLUSION
We have presented the concept of Ubiquitous Biofeedback Serious Games and provided a case study regarding a biofeedback stress management system to track mental stress accumulation. In the Short Term Experiment, we have established the effectiveness of the presented stress accumulation method in reflecting mental stress. In the Extended Experiment, we have demonstrated the efficacy of the presented UBSG in helping individuals reduce (or better control) their mental stress levels. Therefore, we have confirmed the potential of serious games that present a biofeedback scenario in assisting individuals achieve a higher level of wellbeing. Nonetheless, further research is needed to assess the long term efficacy of serious games compared to alternative biofeedback systems that rely on simpler indicators of physiological parameters.
